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Abstract
Background: Historically the main source of laboratory Xenopus laevis was the environment. The increase in
genetically altered animals and evolving governmental constraints around using wild-caught animals for research
has led to the establishment of resource centres that supply animals and reagents worldwide, such as the European
Xenopus Resource Centre. In the last decade, centres were encouraged to keep animals in a “low microbial load” or
“clean” state, where embryos are surface sterilized before entering the housing system; instead of the conventional,
“standard” conditions where frogs and embryos are kept without prior surface treatment. Despite Xenopus laevis
having been kept in captivity for almost a century, surprisingly little is known about the frogs as a holobiont and
how changing the microbiome may affect resistance to disease. This study examines how the different treatment
conditions, “clean” and “standard” husbandry in recirculating housing, affects the skin microbiome of tadpoles and
female adults. This is particularly important when considering the potential for poor welfare caused by a change in
husbandry method as animals move from resource centres to smaller research colonies.
Results: We found strong evidence for developmental control of the surface microbiome on Xenopus laevis; adults
had extremely similar microbial communities independent of their housing, while both tadpole and environmental
microbiome communities were less resilient and showed greater diversity.
Conclusions: Our findings suggest that the adult Xenopus laevis microbiome is controlled and selected by the host.
This indicates that the surface microbiome of adult Xenopus laevis is stable and defined independently of the
environment in which it is housed, suggesting that the use of clean husbandry conditions poses little risk to the
skin microbiome when transferring adult frogs to research laboratories. This will have important implications for
frog health applicable to Xenopus laevis research centres throughout the world.
Keywords: Cutaneous microbiome, Xenopus laevis, Husbandry, Frog skin microbiota, Tadpoles, Illumina MiSeq, 16S
rRNA amplicon
Background
The South African clawed frog (Xenopus laevis), is a
model species utilised worldwide, first used in the devel-
opment of pregnancy tests [1, 2]. Their availability, to-
gether with their ability to generate many large embryos
throughout the year, marked their establishment as a re-
search model for developmental biology, biochemistry
and genetics [3–5]. It is now well understood that ani-
mal systems exist as holobionts [6], with a complex asso-
ciated microbial community affecting host health and
function [7–9]. Amphibian skin microbiota are highly di-
verse, with Western chorus frogs (Pseudacris triseriata)
and Northern leopard frogs (Lithobates pipiens) showing
similar levels of diversity to those detected on human
skin [10].
Despite the global use of this model system, little at-
tention has been given to understanding how the micro-
biome affects frog health and how they respond to stress
[11, 12]. Skin-related microbial communities influence
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host resistance to infection, as reviewed in Ross et al
(2019) [13]. In amphibians, skin plays an important role
in respiration, thermoregulation, osmoregulation, pig-
mentation and protection from predators and pathogens
[14–17]. It is characterized by a thin mucosal surface
produced by granular glands that secrete oils and other
substances [14, 15], and due to its moist nature sustains
a wide microbial community composed of bacteria, ar-
chaea, fungi and protozoans [18, 19]. Studies on the skin
microbiota of amphibians have highlighted the link be-
tween microbiome species richness with their ability to
resist pathogens and overall health [20–25].
The increased popularity of Xenopus in the last decade
has led to development of resource centres providing
not only animals but also support, training and Xen-
opus-specific resources [26]. The two main centres, the
National Xenopus Resource (NXR, USA) and the Euro-
pean Xenopus Resource Centre (EXRC, UK), each hold
more than 10,000 animals including hundreds of genet-
ically altered (GA) lines. Historically, Xenopus were kept
in tanks holding up to 100 animals with water changes
two or three times each week [12]. More recently, many
laboratories have adopted recirculating systems, in which
water is changed gradually and treated before re-
entering the system [12]. This increase in recirculating
systems, together with the risk of rare but devastating
infections causing the loss of entire Xenopus colonies
[27] and increased animal movement between research
establishments [28], has increased the need for improved
biosecurity and a move towards “clean” surface-sterilized
colonies [29]. This process is achieved by exposure of
early embryos to thimerosal and then to ethanol, and
whilst called sterilization, it is possible that some micro-
organisms persist after the treatment [29]. However,
such housing conditions divert considerably from the
frogs’ natural habitats, which include swamps, dams and
forest pools [30], suggesting a need to understand the
consequences of such housing on the frogs’ health and
their ability to resist infection.
Due to an increase in amphibian infectious diseases,
specifically Batrachochytrium dendrobatidis (Bd), several
amphibian microbiomes have been described using
culture-dependent methods [21, 31–34], and next-
generation sequencing (NGS) [10]. Due to the issues with
non-culturability [35, 36], further studies have focused on
NGS to characterise skin microbial communities of differ-
ent amphibian species [14, 20, 22, 37–42], with particular
emphasis on the antimicrobial properties of the amphibian
skin mucosa and how this is vital for the control of infec-
tious diseases [7, 23, 39]. Comparisons between different
species and diverse habitats indicate that both the quantity
and diversity of bacteria are higher when isolated from
wild populations of amphibians than when isolated from
those kept in captivity [40, 43, 44].
In this study, we investigate how the skin microbiome
changes between the two most commonly used Xenopus
laevis husbandry conditions, “standard” and “clean”
housing, using 16S rRNA amplicon sequencing. More-
over, we analysed the microbiome of adult skin (18-
month-old females), tadpole skin (~ 1-month-old), and
their housing water to characterise the animal’s skin
microbiota and environment at different developmental
stages. A better understanding of the Xenopus laevis
microbiome and its interactions with its environment
has important implications for frog husbandry in re-
source centres and the laboratories depending on them.
It may also inform future conservation efforts for endan-
gered amphibia.
Results
The experimental set up outlining the housing condi-
tions and developmental stages used throughout are
shown in Fig. 1. Alpha diversity was compared between
samples (Fig. 2; Supplementary Table 1) and highlighted
differences in bacterial community composition between
conditions. Alpha diversity of species was estimated
using both the observed diversity and the Shannon
Index. Overall, Shannon bacterial diversity appears to be
higher for tadpoles than for adult frogs for both standard
(t = − 3.39; df = 10.3; p = 0.007) and clean (t = − 3.11; df =
14.8; p = 0.007) conditions. However, no significant dif-
ference in overall Shannon diversity was observed be-
tween clean and standard conditions for adult frogs (t =
0.51; df = 11.9; p = 0.616) or tadpoles (t = 0.60; df = 14.0;
p = 0.560).
Principal coordinates analysis (PCoA) was used to ex-
plore the beta diversity to better understand the overall
variation in diversity between conditions and within tank
variability (Fig. 3). The PCoA analysis identified a clear
difference between the bacterial diversity present on the
skin of adult frogs as compared to that present on tad-
poles and in the water in which the animals live. From
Fig. 3 it can be observed, that adults in standard and
clean conditions cluster very closely together, indicating
that they have very similar bacterial species composition.
However, tadpoles appear to have a more distinct pro-
file, seemingly more dependent on their environmental
conditions. Tadpoles within the clean conditions show
very close clustering to the water samples from the cor-
responding tanks. Conversely, tadpoles from standard
conditions seem to have a much more distinct bacterial
microbiome composition when compared to their asso-
ciated tank water, with high individual variability de-
tected. This was confirmed via a 2-way permutational
multivariate analysis of variance (PERMANOVA) ana-
lysis which identified a highly significant effect on diver-
sity between adult, tadpole and water samples (F = 10.71;
df = 2; p = 0.0001), a significant effect due to the housing
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conditions (F = 2.84; df = 1; p = 0.0056), but also a signifi-
cant interaction effect due to the fact that diversity in
tadpoles differs significantly between clean and standard
conditions whilst it remains consistent in adults (F =
2.69; df = 2; p = 0.0011).
A number of unique OTUs and corresponding taxo-
nomic annotation were identified within each of the
sample groups, with tadpoles showing roughly 3-times
higher numbers of unique OTUs than their adult coun-
terparts (Table 1). Interestingly, whilst water from stand-
ard tanks contained more than twice the number of
unique OTUs than water from clean tanks, adult frogs
showed very similar numbers of unique OTUs in both
conditions, while tadpole analysis detected more unique
OTUs from samples in the clean tanks compared to
standard treatment.
Analysis of the distribution of the numerically domin-
ant 15 taxonomic classes of bacteria detected on tad-
poles (Fig. 4; left-hand panels) shows a more varied
microbiome than that of the adults, consisting of rela-
tively high detection of Gammaproteobacteria (15.5 and
14.6% in clean and standard samples respectively) and
Betaproteobacteria (7.1 and 10.6% for clean and standard
samples respectively), along with other bacterial classes
also found within their water environment. In contrast,
the adult frog microbiome (Fig. 4; middle panels) is
dominated by a single class of bacteria; Flavobacteria
(35.2 and 40.1% for clean and standard samples respect-
ively). No other bacterial class accounts for more than
3% of the remaining diversity. This dominance seems to
be independent of the housing conditions, as Flavobac-
teria are detected only in low levels, in the water samples
(Fig. 4; right-hand panels) from both standard housing
(2.6%) and clean conditions (0.6%).
The most common genus detected on adult skin tissue
had high sequence similarity to Bergeyella, accounting
for 18.8 and 19.6% of sequence abundance in frogs from
the clean and standard samples respectively (Supplemen-
tary Figure 3). In contrast, this genus is very low in tad-
poles (< 0.2%) and almost entirely undetectable in
environmental water samples from both clean and
standard tanks. In tadpoles, sequences most closely re-
lated to Alkanindiges are the numerically dominant
genus in standard samples, accounting for 8.6% of all
genera. This is most notable in Tank 1, suggesting a pos-
sible tank-specific bias. However, Alkanindiges-like se-
quences appear to be largely absent on clean-housed
tadpoles (< 0.5%). Instead, a larger proportion of se-
quences with high similarity to Pseudomonas are
present, along with very small proportions of a large
Fig. 1 Experimental design. Schematic outlining the housing conditions, developmental stages, and experimental set up used in this experiment
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number of other genera. The overlap between the
unique genera identified in samples from both clean and
standard conditions for adult frogs, tadpoles and water
samples can be seen in Fig. 5. Interestingly, whilst more
unique genera are identified in standard water (Fig. 5c),
it is the microbiome of tadpoles housed under clean
conditions that appears to show the greatest diversity
(Fig. 5b).
The 50 most abundant species identified by their simi-
larity to sequences detected across the data set are
shown in Fig. 6. The most common sequence detected
has high similarity to Bergeyella zoohelcum and is almost
exclusively identified on adults, with nearly 500-times
lower abundance identified in the corresponding water
sample for standard samples, and zero abundance identi-
fied in clean water samples. This suggests that the spe-
cies, represented by these OTUs are able to colonise the
adult frog skin, independent of environmental condi-
tions. In comparison, Bergeyella zoohelcum is seen only
at low levels on tadpoles. Instead, sequences similar to
Alkanindiges illinoisensis are identified at high levels on
tadpoles in standard conditions, but show 20-fold de-
creased abundance in clean samples. Conversely, se-
quences with high similarity to Pseudomonas are
identified on clean tadpoles, but are almost 4-times less
abundant on tadpoles from standard conditions. Figure 7
shows the relative abundance of the core microbiome
members shared by both clean and standard housing
conditions for adults and tadpoles. OTUs were com-
bined at the Genus level to match results shown in Sup-
plementary Figure 3. Almost all are annotated as
Bergeyella for adults, with Haloferula, Pseudomonas, and
Leifsonia also present albeit at lower levels. Interestingly,
in adults the proportion of each of these four micro-
biome members remains constant between clean and
standard conditions. In contrast, the tadpole microbiome
is quite distinct from the adult, and while clean tadpoles
were dominated by Pseudomonas, the standard tadpoles
were dominated by Alkanindiges. The phylogeny of
OTUs in the 20 distinct genera identified as being abun-
dant above 1% in both clean and standard conditions for
any sample group is shown in Supplementary Figure 4.
Whilst the core adult microbiome is clearly extremely
similar whether produced in a clean or standard envir-
onment, the same is not the case for tadpoles. The 15.1-
fold difference in Alkanidiges abundance and 5.8-fold
difference in Pseudomonas between the environments in
tadpole samples are extremely striking but do not appear
simply to reflect the abundance in their environments.
In the water samples, Alkanindiges OTUs are only 1.9-
fold higher in standard conditions, whilst Pseudomonas
show similar, low levels in both clean (0.5%) and stand-
ard (0.6%) water samples. In contrast, Arthospira OTUs
are 3.6-fold higher in standard water than clean, but
show similar levels of 8% on tadpole skin. Generally,
these results highlight clear differences between skin
microbiota for adult frogs and tadpoles, with few signifi-
cant differences between the clean and standard condi-
tions beyond those of the most abundant species. To
identify whether bacteria associated with adult skin
microbiome have inhibitory effects on the pathogen
Batrachochytrium dendrobatidis, of which Xenopus lae-
vis is a notorious carrier, sequences detected in this
current study were compared to 1127 bacterial species
with putative inhibitory regulation identified in a previ-
ous study performed by Woodhams et al (2016) [44].
OTU sequences from the present study were compared
with these 1127 bacterial genome sequences using
BLAST [45] to identify bacteria present in the dataset
that may represent the same species, based on 99% se-
quence overlap with an e-value less than 1e-100. This
comparative analysis identified 43 unique OTUs meeting
these criteria, primarily clustering amongst 5 genera.
The abundance was low for all of the individual OTUs
(maximum of 0.7%), so these specific OTUs are not
Fig. 2 Alpha diversity across the data set. Alpha diversity
(represented by the Shannon Index) across the data set,
representing the diversity of species within each sample group. For
each sample, the alpha diversity was calculated based on 10 random
subsamples of 5000 OTUs. Significant differences between groups
are based on an independent two-sample t-test (** = p ≤ 0.01;
* = p ≤ 0.05; ns = not significant). Full alpha diversity values for each
individual sample, including observed diversity and Chao1 Index,
can be found in Supplementary Table 1
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amongst the most abundant OTUs detected in the data-
set. Whilst Alkanindiges and Pseudomonas are amongst
the most abundant tadpole-associated genera, particu-
larly in the standard samples, the Bd-inhibitors identified
are not amongst those most highly abundant in the tad-
pole skin microbiome. While we do see increased abun-
dance for one Pseudomonas-like OTU in the standard
tadpoles and standard water (compared to clean), this is
not a general trend suggestive of enrichment for genera
with Bd-inhibitory properties.
Discussion
There have been several studies focussing on amphibians
examining culture-dependent microbiome analysis [21,
31–34, 46]. However, advances in sequencing
technologies have allowed investigation of the links be-
tween the host and the microbial flora that live within
the animal (as either symbiont, commensal or parasite)
using culture-independent methods (e.g. 16S rRNA
amplicon sequencing) [38, 41, 43, 47]. The culture-
independent studies reported here provide vital informa-
tion for a more detailed understanding of the Xenopus
laevis skin microbiome.
This present study indicates that tadpoles of the same
genetic background, but kept in different housing condi-
tions, have distinct skin microbiomes influenced in some
way by their environment. However, the analysis of
adults indicates highly similar microbial communities,
indicative of convergent skin microbiome development.
The adult skin microbiomes are largely independent of
Fig. 3 Principal coordinates analysis (PCoA) of all samples in the data set. Axis 1 and Axis 2 represent the coordinates of the greatest sources of
orthogonal variation within the data and represent 27.9 and 9.4% of variation in the entire data set respectively. Whilst results from biological
replicates and distinct tanks are generally consistent, Axis 1 represents the difference in diversity between the adult frogs as compared to both
tadpoles and environmental water samples. Axis 2 shows close clustering between adults housed in standard and clean conditions, and tadpoles
and their environmental water samples for clean conditions only. However, a significant change in diversity is seen for tadpoles from standard
conditions, despite water samples from standard tanks showing similar profiles to those from clean tanks
Table 1 Unique taxa detected at multiple different taxonomical levels
Group Phyla Classes Orders Families Genera Species OTUs
Clean tadpole 15 25 39 54 60 42 921
Clean adult 12 19 23 35 27 20 295
Clean water 14 26 40 54 47 28 446
Standard tadpole 12 22 32 44 43 35 705
Standard adult 10 20 25 35 25 19 292
Standard water 19 38 60 82 94 68 1146
This table shows the total number of unique taxa identified at least once for each condition at each specific taxonomic level
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their housing conditions and include some bacterial spe-
cies that are undetectable in samples of the tank water
in which they live. These data from laboratory reared,
adult Xenopus laevis agree with the findings of studies
on different species of amphibians in a range of environ-
ments; they support the hypothesis that many adult am-
phibians can selectively enrich their microbiome with
species of bacteria that are rare in their environment [7,
16, 41, 44, 48, 49].
Our results support the skin surface of Xenopus laevis
being a highly selective environment and that bacteria
with suitable adaptations to these conditions can form a
strong, possibly symbiotic association. From this study it
appears that there is a substantive difference in the skin
during development and a stable microbiome appears
late in the larval stage or at metamorphosis. Using am-
phibians from the environment McKenzie et al (2012)
[10]observed that in three different amphibian larvae
from the same geographical site the skin microbiome
did not resemble that of the environmental microbial
community and differed between species. However,
major differences exist between this environmental study
and this current laboratory-based analysis – it is a possi-
bility that the ability to control the microbiome develops
during larval growth and may vary between species,
something that further laboratory study in Xenopus and
Fig. 4 Barplot showing the distribution of bacteria at the phylum level of taxonomy. In each case, the top 15 phyla are highlighted, with all
remaining phyla shown in grey
Fig. 5 Comparison between genera identified on adult frogs, tadpoles and in water controls. Venn diagrams showing the overlap between
unique genera identified in samples from standard conditions compared to clean conditions for a) adult frogs, b) tadpoles and c) water samples
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other amphibian species could determine. Nonetheless,
the developmental changes that we observe between the
microbiome of tadpoles and adults are supported by data
obtained in the wild [18, 21, 48, 50]. Previous studies
have postulated that much of the reason for this devel-
opmental change of the microbiome is the move from
an aquatic to primarily terrestrial life that accompanies
metamorphosis [48]. However, this is not supported by
our study as Xenopus laevis remain aquatic as adults.
Our data are also inconsistent with the theory proposed
by Ellison et al (2018) [21]: that the skin of
metamorphosing frogs is initially colonized by a rela-
tively simple microbial community, but this community
grows in complexity as the frog reaches adulthood.
However, our results determined that the adult micro-
biome is dominated by a small number of bacterial spe-
cies. Major changes occur to the skin during frog
metamorphosis: the tadpole epidermis consists of two or
three layers of cells contacting a collagen lamella and
the dermis of that lamella, a single layer of fibroblasts
and melanocytes. At metamorphic climax the outer two
epidermal cell layers die and the subepithelial fibroblasts
Fig. 6 Heatmap showing the top 50 species identified across the data set. OTU counts from biological replicates amongst the different replicate
tanks were combined to give a single count, which was normalised so that all samples had the same total. Cells are coloured based on the
percentage of the total OTU count (on a log10 scale), with more abundant OTUs shown in red
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invade the collagen lamella, the dermis becomes thicker
and the adult skin glands form [51]. This complete
change in the structure and physiology of the skin is
most likely to underlie the concomitant major change in
the microbiome. More difficult is understanding the
mechanisms generating the microbiome change. How
amphibia regulate their skin microbiome is still largely
unknown, however in Eastern Hellbenders there is evi-
dence that microbiome richness correlates positively
with the population genetic diversity of the host, imply-
ing host-dependent control of the microbiome [52]. This
observation is however not supported by an elegant
study of whether the genetic distance between different
clades of salamander species in California correlate with
their microbiome, or if their environment is a better pre-
dictor. In this work environment dominated over the re-
latedness of the animals [53]. Although these two
studies take different approaches, the lack of a simple
explanation for what controls the amphibian micro-
biome is clear.
The adult microbiome relative abundance analysis was
dominated by sequences with the most 16S rRNA se-
quence similarity to representatives in the Bergeyella
genera, (18.8% in clean conditions and 19.6% in standard
conditions). Bergeyella, Chryseobacterium and Riemer-
ella form a separate branch within the Bacteriodetes
phylum and have a complicated phylogeny [54] that has
recently been comprehensively revised. A number of re-
ports detail novel species detected from these genera on
amphibian and fish skin [16, 54–56] and they are often
reported as opportunistic pathogens. However, a recent
culture-based study on Xenopus laevis found [46] two
ultrasmall Chryseobacterium strains and due to their
strong attachment to the skin suggested these are epi-
bonts with complex attachment structures to assist tight
binding to the skin surface. Interestingly, sequences with
similarity to Bergeyella were not detected in the tadpole
analysis, instead OTUs with high similarity to Pseudo-
monas and Alkanindiges species were the most abun-
dant detected. They are both gram-negative
Gammaproteobacteria and commonly found in amphib-
ian and frog microbiome community profiling studies [8,
14, 57, 58].
The frogs used in this investigation came from a col-
ony in which Bd is very seldom discovered at detectable
levels. Nonetheless our previous data show that it is not
absent and that some of the animals may carry it, albeit
undetectably [59], so there may be an element of selec-
tion for Bd-inhibitor organisms in the skin microbiome.
From our analysis of potential Bd-inhibitors within the
microbiome of adult frogs and tadpoles there was a
slight enrichment for genera with Bd-inhibitory proper-
ties, however as these relative abundances are not quan-
titative any conclusions would require further studies to
be performed. Nonetheless, there is clear potential for
laboratory studies to inform conservation biology in the
wild.
A range of studies have linked amphibian health and
the ability of animals to resist disease to their skin
microbiome. For example, unhealthy amphibians often
show low microbial diversity, species richness, species
phylogenetic diversity and species evenness compared to
healthy animals [21]. The use of Probiotic treatments in
captive amphibian has been reported to increase the re-
sistance/tolerance of these species to infections [44].
Moreover, the use of a multi-species probiotic was re-
ported to have increased efficiency against infection [33]
and some studies confirm that after treatment they
found no frogs with high pathogen levels present and
high numbers of inhibitory bacteria [20]. There are
Fig. 7 Relative abundance (%) of core microbiome members shared between clean and standard housing conditions for adult, ii) tadpole, and iii)
environmental water samples. OTUs were combined at the Genus level and were identified as core microbiome members based on an average
relative abundance greater than 1% in both Clean and Standard conditions. Comparative relative abundance (on a log10 scale) is plotted for
clean and standard conditions to highlight similarities and differences between the housing conditions
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clearly many possible microbiome-based interventions
with the potential to improve welfare and experimental
reproducibility in this important model organism.
There may be important lessons to be learned from
studying the tadpole microbiome for Xenopus welfare
and for experiments using this model, particularly in im-
munology. In the Cuban tree frog (Osteopilus septentrio-
nalis), reduced exposure to environmental microbes as
tadpoles had a profound effect on the long-term im-
mune system of the frog, but the microbiota of adults
frogs was not affected by pathogen exposure [37]. This
finding was supported by Walke et al (2014) [41], who
also took into account the theoretical vertical gene
transfer and its effects on the symbiont. In laboratory
Xenopus, embryos are normally kept with a supplement
of antibiotics for the first several days of their life, inde-
pendent of their housing condition. The effect of this
needs to be investigated further, since we do not cur-
rently know the long-term effects of such treatment; it is
possible that this practice reduces the immunocompe-
tence of laboratory Xenopus in a similar way to the
Cuban tree frog. Additionally, it is clear that for other la-
boratory animals [60, 61], the gut microbiota can influ-
ence experimental results [62, 63]. Microbiome-
dependent irreproducibility seems a low risk for the
studies of embryos that Xenopus are most often used
for. However, the use of Xenopus laevis for analysing
rare human genetic diseases is increasing rapidly, mean-
ing that researchers are now investigating events later in
Xenopus development. In such studies, the risks of such
potential variation may rise.
Conclusion
This study suggests that the microbiome of adult Xen-
opus is subject to rigorous environmental selection
resulting in a stable and defined microbial community
independent of laboratory husbandry conditions. The
highly similar microbiomes of adult female Xenopus
from clean and conventional housing strongly suggests
that using clean husbandry in the resource centres pro-
vides little or no additional risk to frog health when they
are moved to research laboratories. However, the tadpole
microbiome is more variable and subject to changes in
environmental conditions. Further studies should be per-
formed to better understand the complex relationship
between the skin microbiome composition and the long-




Xenopus laevis frogs were kept in recirculating water in
Tecniplast/Marine Biotech systems in which the water
was treated with a UV lamp and particulate, mechanical
and carbon filters. The water temperature was kept at
18.5 °C (range 18–19 °C), the conductivity at 1550 μs/cm
(range 1500–1600 μs/cm, maintained by Tropic Marin/
Instant Ocean sea salt dosing), the pH at 7.5 (range 7–8,
maintained using sodium bicarbonate dosing). The input
water was charcoal filtered Portsmouth mains water.
Frogs were housed in 23 l tanks at a stocking density of
7 adult females per tank. The flow rate of the recirculat-
ing water was 1.33 l per minute in adult tanks and min-
imal flow in tadpole tanks. The light cycles were 13 h of
fluorescent light and 11 h dark with night light. Tanks
were supplemented with environmental enrichment of
black plastic guttering and downpipe tubes cut in half in
20 cm lengths. Adult frogs were fed Horizon 23 trout
pellets 2–3 times per day, a few pellets each. Tadpoles
were fed Sera-micron algae daily with water flow turned
to a slow drip. All animals were fed 5 days per week.
Six tanks within a 9-tank rack were designated ran-
domly for the experiment in a “clean” room and a
“standard” room. The remaining tanks were undisturbed.
Three tanks per clean and standard rack were populated
with adult female Xenopus laevis, and three tanks with
4-week old tadpoles (Fig. 1). The adults used originated
from the same clutch of eggs, as did the tadpoles and so
each group consisted of siblings of the same age. In
common with most laboratory-bred Xenopus, both the
tadpoles and adults spent the first week of their lives in
buffer supplemented with penicillin and streptomycin.
All animals used in this study appeared to be in excel-
lent health.
Sample collection
Adult Xenopus laevis, pre-metamorphic tadpoles and
tank water were analysed. We focused on females since
many laboratories do not keep male frogs due to the
successful introduction of frozen sperm and this deci-
sion was supported by the fact that no statistical differ-
ence between male and female skin microbiomes was
found in the Red-eye tree frog [40]. Water (50 mL) was
collected in sterile Falcon tubes from each of the desig-
nated tanks. Adult Xenopus laevis were taken from their
tanks, rinsed by submersion in sterile distilled water to
remove transient bacteria and swabbed with a sterile
cotton swab (Medical Wire Equipment Co, MW-100)
before being placed back in the system. To swab thor-
oughly and consistently, the same swabbing technique
was followed for each sample and new nitrile gloves
were used between samples. The pattern consisted of
ten strokes on the ventral side, ten strokes on the dorsal
side, five strokes under each front leg and five strokes
between the toes. Tadpoles were trapped with a net,
rinsed in distilled water and swabbed ten times on the
dorsal side and ten times on the ventral side. Swabs were
kept at 4 °C for up to 1 week before DNA preparation.
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Sample preparation
Water samples were filtered through a 0.45 μM Cellulose
Nitrate Filter (Sartorius). These filters and the cotton
swabs were suspended in 500 μL of phosphate buffer sa-
line (PBS) for 5 min with gentle agitation, 200 μL of this
solution was removed and mixed with 20 μL of protein-
ase K (20 mg/ml). An outline of the sample preparation
process can be seen in Supplementary Figure 1.
DNA extraction and 16S rRNA gene sequencing
Each swab was processed following the DNeasy Blood
and Tissue Kit (QIAGEN) manufacturer’s instructions.
The extracted DNA was quantified by spectrophotom-
etry and shipped to LGC Genomics GmbH. The 16S
rRNA gene was targeted by PCR with primers 341F/
785R used by Klindworth et al, 2013 [64] (341F 5′-
CCTACGGGNGGCWGCAG-3′ and 785R 5′-GACTAC
HVGGGTATCTAATCC-3), samples pooled, library pre-
pared (incl. Indexing*2) and quality controlled by gel
electrophoresis before cluster generation and sequencing
using Illumina MiSeq V3.
Sequence filtering and OTU calling
The quality of the raw read data was assessed using
FastQC [65] v0.11.6 to ensure no consistent sequencing
artefacts were present in the data. Contamination was
assessed by mapping against a panel of 32 genomes, in-
cluding large and small subunit rRNAs, bacterial and
viral genomes, and genomes from a wide range of spe-
cies (including human) using fastq-screen v0.13.0
(https://www.bioinformatics.babraham.ac.uk/projects/
fastq_screen/). Reads were trimmed to remove adapter
sequences and poor quality reads using trim_galore
v0.5.0 [66] with parameters “--illumina -q 20 --strin-
gency 5 -e 0.1 --length 20 --trim-n” (https://www.
bioinformatics.babraham.ac.uk/projects/trim_galore/).
Combination of paired-end reads, denoising and identifi-
cation of operational taxonomic units (OTUs) was per-
formed using Qiime2 version 2019.4.0 [67]. Taxonomy
of identified OTUs was assigned based on the SILVA
v132 database [68] with 99% similarity. The number of
raw read pairs, filtered read pairs, and OTUs identified
for each sample can be found in Supplementary Table 2.
Full annotation and total counts for each identified OTU
across the individual samples can be found in Supple-
mentary Table 3.
Further analyses of the Qiime2 output data was con-
ducted in R, primarily using the phyloseq package [69].
Samples with fewer than 5000 OTUs were filtered out
from further analysis, as were OTUs not present in any
sample. Read depth above 5000 OTUs was considered
sufficient to capture the vast majority of diversity based
on asymptotic convergence of the rarefaction curve
(Supplementary Figure 2). OTU counts for each sample
were normalized to the library size to give proportional
abundance as percentage values. Samples within groups
were combined by adding the OTU counts across all
samples and normalizing to the total library size to give
percentage values within groups. Alpha diversity was
assessed using both Shannon index [70] and observed
diversity (the number of distinct OTUs identified across
each data set). Comparison of diversity between groups
was assessed based on an independent two-sample t-
test. Principal coordinates analysis (PCoA) plots were
produced based on the Bray-Curtis dissimilarity measure
[71] using the phyloseq package [69] in R to observe
beta diversity. OTUs showing significant differences in
levels between conditions were identified using the
DESeq2 package in R [72], by scaling the normalized
abundance proportions to the median depth of coverage
overall samples to produce integer counts comparable
between samples. P values were adjusted for multiple
testing using the Benjamini and Hochberg false discov-
ery rate correction [73]. Significantly changing OTUs
were identified as those with a fold change greater than
2 (up or down) and an adjusted p-value less than 0.05.
Representative figures were generated using the ggplot2
[74] and pheatmap [75] packages in R. The effect of
housing conditions (standard or clean) and sample
source (adult, tadpole or frog) on bacterial diversity was
assessed using permutational multivariate analysis of
variance (PERMANOVA) analysis with the adonis2
function from the vegan [76] package in R, using Bray-
Curtis dissimilarity and 9,999 permutations.
Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s42523-021-00080-w.
Additional file 1: Supplementary Figures: Additional figures.
Additional file 2: Supplementary Table 1: Alpha diversity across the
data set. Three measures of the alpha-diversity (observed diversity, Chao1
Index and Shannon Index) across the data set, representing the diversity
of species within each sample. For each sample, random subsamples of
5000 OTUs were taken for each sample and alpha-diversity scores were
calculated. Alpha diversity scores are shown by mean +/− standard devi-
ation over 10 random subsamples.
Additional file 3: Supplementary Table 2: Statistics for 16s rRNA
amplicon sequencing. The number of raw read pairs, adapter-trimmed
read pairs, and unique OTUs identified by QIIME2 for each sample are
shown.
Additional file 4: Supplementary Table 3: OTU-level annotation and
counts. For each unique OTU identified by QIIME2, complete annotation
assigned from SILVA and counts for each individual sample are shown.
Additional file 5: Supplementary Table 4: Core microbiome shared
between clean and standard conditions. Relative abundance (%) of core
microbiome members shared between clean and standard housing
conditions for adult, ii) tadpole, and iii) environmental water samples.
OTUs were combined at the Genus level and were identified as core
microbiome members based on an average relative abundance greater
than 1% in both Clean and Standard conditions. Log2FC represents the
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log2 fold change of abundance in the clean samples compared to that in
the standard samples.
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